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1. Introduction  

The possibility of a direct monitoring of rotational events has an important role in the 
seismological sciences as well as in the applied physics regarding large engineering 
structures.  
According to the first aspect, a possibility of existence of the rotational phenomena in the 
seismic field has been discussed from the beginning of the earthquakes investigations. The 
interest in these phenomena has been stimulated by strange, rotary and even screw-like 
deformations that occur after earthquakes, often appearing on parts of tombs and 
monuments (Ferrari, 2006; Kozák 2006). The classical textbooks on seismology deny the 
possibility that the rotational phenomena, especially in form of seismic rotational waves – 
SRW, could pass through a rock, so the earthquake rotational phenomena were explained 
by an interaction of standard seismic waves with a compound structure of objects they 
penetrate, which, in fact, might be the case (Teisseyre & Kozak, 2003). Nevertheless, it was 
theoretically proved that even the SRW could propagate through grained rocks; later on, 
this possibility was extended on rocks with microstructure or defects (Eringen, 1999; 
Teisseyre & Boratyński, 2002) or even without any internal structure (Teisseyre, 2005; 
Teisseyre et al., 2005; Teisseyre & Górski, 2009), due to the asymmetric stresses in the 
medium. It should be noticed that the SRW were for the first time effectively recorded in 
Poland in 1976 (Droste & Teisseyre, 1976). From this time, waves of this type have been 
studied in a few centers over the world. Taking into consideration large engineering 
structures, the rotational events monitoring is connected to the torsional effects in 
structures as well as to the interstory drift. Since the application of new materials and 
technologies for building constructions, they have irregular structures in-plane which 
causes difficulties in  designing of the horizontal rotations of these structures especially 
during earthquakes (Schreiber et al., 2009). Recently in the above areas, the first 
monographs have been published (Teisseyre et al., 2006, 2008; Lee et al., 2009), covering 
the theoretical aspects of the rotation motion generation and propagation, as well as the 
examples of the field experiments.  
A further experimental verification of the existing rotational phenomena in seismic events 
needs a new approach to the construction of the measuring devices, because the 
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conventional seismometers are inertial sensors detecting only linear velocities. Similarly, the 
measurements of torsional response and interstory drift are reasonably easy on small scale 
models in a laboratory (Kao, 1998) but are much more difficult in real structures. The first of 
them can be measured by using a pair of accelerometers and then dividing differences in the 
horizontal accelerations by the distance between them in a direction perpendicular to the 
measured motion. Then this has to be integrated twice with respect to the time needed to 
give the torsional rotations (Schreiber et al., 2009). However, the inherent sensor drift and 
the small offset from zero in the absence of an input signals are the important limitations of 
this technique. According to the measurement of interstory drifts, it is, in principle, possible 
to arrange a frame from the floor below to near the ceiling above to set up the displacement 
transducers to measure the difference in displacements (McGinnis, 2004). However, again 
far from the hardware complexity of this approach, it is also vulnerable to building 
deformations. 
For the above reason, the new instrumentations are important, especially those designed for 
an investigation of very small rotations. The near–field studies for the understanding of the 
mechanics of earthquakes is extensively reviewed by Kamamori (1994) and can be 
summarized as requirement for instruments with frequency range below 100 Hz and 
resolution in range of 10-6-10-9 rad/s/Hz1/2 for the SRW. Whereas the engineering strong-
motion seismology needs devices operating in a frequency range of 0.05 – 100 Hz with 
resolution 10-1 – 10-6 rad/s/Hz1/2 (Cowsik et al., 2009).  
Since the Sagnac effect (Sagnac, 1913) measures the rotation directly, an application of the 
sensor based on this effect seems to be ideal for the construction of the rotational 
seismometer - RS. Its greatest strength is the fact that it does measure absolute rotations or 
oscillations, so that it does not require any external reference frame for its measurement. 
This means that it measures true rotations even during an earthquake, where nothing 
remains static. Since it is an entirely optical device, it does not have the problems that 
characterize inertial mass transducers, also. We distinguish two systems based on the 
Sagnac interferometer: a ring laser rotational seismometer - RLRS (Schreiber et al., 2001), 
and a fibre-optic rotational seismometer - FORS (Takeo et al., 2002; Franco-Anaya et al., 
2008; Schreiber et al., 2009). The first of them is a stationary system constructed for 
investigation disturbances in the Earth rotation, whereas the second one based on the 
application commercially available fibre-optic gyroscope - FOG.  
Even though 40-ty years of the FOG investigation gives very precise systems useful for 
different areas including inertial navigation, their constructions are optimized for the 
detection of angular changes rather than rotation speed, then may generate the same 
difficulties during the investigation rotational phenomena. For the above reason in this 
chapter we conclude ours experiments connected to another approach to the rotation 
phenomena investigation (Jaroszewicz et al., 2003). We started the second part with a short 
description of the Sagnac effect with the same historical review of its application as FOG. In 
part 3, which is the main part of this chapter, we described the Autonomous Fibre-Optic 
Rotational Seismograph – AFORS, with its optical part based on the FOG construction, 
whereas the special autonomous signal processing unit – ASPU optimizes its operation for 
the measurement of rotation speed instead of angular changes. Finally, in part 4 we 
presented the same results obtained during the application of these systems for the 
rotational events investigation as well as a monitoring of building torsional moves. 
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2. Sagnac effect and its application as FOG 

Sagnac (1913) first demonstared the feasibility of an optical experiment capable of indicating 
the state of rotation of the frame of reference in which his interferometer was at rest. The 
basic principle of Sagnac’s interferometer is given in Fig. 1a. The input light beam is split by 
a beam spliter into a beam circulating in the loop in a clockwise  - cw direction and a beam 
circulating in the same loop in a counterclockwise - ccw direction. The two beams are 
reunited at a beam splier so that interference fringes are observed in the output light. When 
the whole interferometer with a light source and the fringe detector is set in rotation with an 
angular rate of  rad/s, a fringe shift Z with respect to the fringe position for stationary 
interferometer is observed, which is given by the formula: 

 Z = �A/0c,  (1) 

in which A is the area enclosed by the light path. The vacuum wavelength is  and the free-
space velocity of light is c. The scalar product  �A denotes that Z is proportional to the 
cosine of angle between the axis of rotation and the normal to the optical circuit. Sagnac also 
established that the effect does not depend on the shape of the loop or the center of rotation.  
 

 
Fig. 1. Schematic of Sagnac’s interferometer (a) and its implementation in fibre optic 
technique (b) 

It should be noticed that a German graduate student, Harress (1912), performed a very 
similar experiment for a thesis project a few years before Sagnac did his experiment. 
Harress used an optical circuit which consisted of a ring of total reflecting prism, but his 
objective was quite different from Sagnac’s. According to Sagnac's data (Sagnac, 1914), for 
the wavelength of indigo mercury light and a loop area A=866 cm2, a fringe shift of 0.07 
fringes was clearly detectable for the rate of rotation  of 2 rps. However, according to the 
other data (Post, 1967) the fringe shift detectability at that time was probably of an order 
of 0.01 of a fringe, so precision of the Sagnac’s experiment therefore may have been close 
to marginal.  
A Sagnac experiment of great precision was subsequently performed by Pogany (1926). 
With a loop area A=1178 cm2, =157.43 rad/s, and 0=546 nm, he reproduced within 2% the 
theoretically expected fringe shift =0.906. Michelson and Gale (1925) succeeded in 
demonstrating the rotation of the Earth by means of the Sagnac effect, also. To obtain the 
required sensitivity they had to choose an unusually large size (rectangular 0.4 x 0.2 mile) 
for the surface area enclosed by the beam. Summarizing, the experiments of Sagnac, Pogany, 
and Michelson-Gale and the results of Harress, as reinterpreted by Harzer (1914), the 
following features of the Sagnac effect according to the fringe shift can be given (Post, 1967): 
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a. obeys formula (1), 
b. does not depend on the shape of surface area A, 
c. does not depend on the location of the center of rotation,  
d. does not depend on the presence of a commoving refracting medium in the path of the 

beam. 
The fibre-optic version of the Sagnac interferometer uses a long length optical fibre L coiled 
in a loop of diameter D, as it is shown in Fig. 1b (Vali & Shorthil, 1976). In this approach,  
instead of the fringe shift Z, a phase shift is produced between cw and ccw propagating 
light, given by 

 
0 0

2 LD

c

     (2) 

where  is the rotation component in the axis perpendicular to the fibre-optic loop. In other 
words, the sensitivity of the Sagnac interferometer in this approach is enhanced not only by 
increasing the physical sensor loop diameter but also by increasing the totals length of the 
used fibre. It is easy to see that three such interferometer with loops plane in perpendicular 
directions give information about a space vector of the rotation rate. This data after an 
integration in time domain shows the position changes in space – and it is idea of the optical 
gyroscope.  
35-years after the above date its technical application as the FOG is the best recognized 
interferometric sensor made in the fibre-optic technology. However, because its useful 
signal is the angular changes, the detected phase shift  is integrated in time needed to give 
it. Moreover, for a desired rotation rate in the range of 10-6 – 10-9 rad/s the Sagnac effect 
generates a very small phase shift, so needs to be separated from other disturbances and  
protected so that the Sagnac effect is the unique nonreciprocal effect in the device. For the 
above reason all FOG uses shown in Fig. 2 the reciprocal configuration (Urlich, 1980) also 
called the minimum configuration (Arditty & Lefevre, 1981) where a perfect balance 
between both counter-propagating paths is obtained simply with a truly single-mode (single 
spatial mode and single polarization) filter at the common input-output port of the 
interferometer, even if the propagation is not single-mode along the rest of the 
interferometer.  
 

 

Fig. 2. The minimum configuration of the FOG 

The FOG interferometer using the minimum reciprocal configuration yields a raised cosine 
response as any interferometer. It is classical to bias such an even response that has a 
maximum at zero by modulating the abscissa parameter and demodulating the output 
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signal, which yields an odd response. The FOG  uses a reciprocal phase modulator - PM at 
the end of the coil, which yields, because of the propagation delay, as a modulation of the 
phase difference without any residual zero offset (Martin & Winkler, 1978). This was a very 
important step in the progress of performance, but it was not enough for an ultimate 
performance which is obtained only if the unbiased response is perfectly even and the biasing 
modulation has only odd frequencies. For the above reason, the PM being actually a delay line 
filter, the operation at the so-called proper or eigen frequency (Bergh et al., 1981) - the delay 
through the coil is half the period of modulation, suppresses the residual even harmonics 
which are always present because of spurious nonlinearities of the modulation chain. Today 
the FOG system using also a broadband source has the intensity statistics that happens to 
cancel the Kerr effect induced phase difference in a Sagnac interferometer (Ezekiel et al., 1982). 
Such a broadband source is also needed, as it is well-known today, to remove coherence 
related noise and drift due to backscattering and backreflection as well as lack of rejection of 
the polarizer (Fredricks & Ulrich, 1984; Lefèvre et al., 1985a; Burns, 1986). Finally, for achieved 
the high scale factor linearization, FOG utilizes a digital phase step feedback (Lefèvre et al., 
1985b) using the same reciprocal PM as the biasing modulation and an all-digital processing 
scheme where the gyro modulated signal is sampled with an AD convertor and the 
demodulation performed by digital subtraction (Auch, 1986; Arditty et al., 1989).   
Since all-digital processing scheme implemented in the current FOG system is optimized for 
the presentation of angular changes rather than rotation rate, the same problems exist for its 
optimized application for measurement of the last phenomena which are interesting for the 
rotational seismology. For the above reason in the next part of this chapter we have 
described our experiments in development of the fibre-optic rotational seismograph system. 
Its construction is based on experiences according to the FOG development described above, 
but the system is optimized for a direct measurement of the rotation rate only (Jaroszewicz 
et al., 2003). Such an approach gives a system which through a direct use of the Sagnac effect 
can limit drift influence on a device operation. Moreover, the special construction of a signal 
processing unit protects easily its monitoring via Internet including data collecting and 
managing as well as device remote control.  

3. Autonomous Fibre-Optic Rotational Seismograph 

A detailed description of the AFORS system was published previously (Jaroszewicz at al., 
2011a, 2011b) hence here we summarized the above data regarding its construction, 
calibration and management. Now we present two examples of these devices - AFORS-1 
located in the Książ (Poland) seismological laboratory for the investigation of the rotational 
events connected to earthquakes, and AFORS-2 located in Warsaw (Poland) used for initial 
works connected to the investigation of the irregular engineering construction torsional 
response and the interstory drift (Jaroszewicz et al., 2011c). Before the end of 2011 the next 
system AFORS-3 will be available as the replacement to the older version FORS-II mounted 
in the Ojców (Poland) seismological laboratory (Jaroszewicz & Krajewski, 2008).  
The optical head of the constructed AFORS devices uses a fibre interferometer in a 
minimum optical gyro configuration (Jaroszewicz et al. 2006a), as it is shown in the upper 
part of Fig. 3a.  
The application of the broadband low coherence superluminescent diode – SLD (EXALOS - 
Switzerland with optical power – 20.87 mW, operation wavelength – 1326.9 nm, and spectral 
radiation band – 31.2 nm,) gives possibility for a minimisation of polarization influence on 
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(a) 

  

 
(b) 

Fig. 3. General schema of the AFORS (a): upper – the optical head (generation of the Sagnac 
phase shift proportional to measured rotation rate ), bottom – Autonomous Signal 
Processing Unit (rotation calculation and recording), (b): general view of all AFORS (top) 
and ASPU (bottom) 

the system operation by achieving light depolarization in a sensor loop (Krajewski et al., 
2005). Next the set of cascade fibre polarizers (with total extinction above 100 dB) enables a 
true single mode operation of the whole system and guarantees that the only nonreciprocal 
effect in system is the Sagnac effect. Moreover, a 0.63 m diameter sensor loop has been made 
from a special composite material with permalloy particles for shielding from the magnetic 
field. A long length of SMF-28 fibre has been winded in a double-quadrupole mode (Dai et 
al., 2002) with a 0.2 mm Teflon insulation between each fibre layers which is for the thermal 
stabilization of the sensor’s work, for expected 2-4 degree per day temperature fluctuation in 
seismic observatories. The system optimization made for AFORSs (15000 m length of fibre 
with attenuation equal to 0.436 dB/km in sensor loop for AFORS-1 and respectively, 15056 
m and 0.450 dB/km for AFORS-2) allows for theoretical sensitivity in quantum noise limit 
(Jaroszewicz & Wiszniowski, 2008) equal to 1.97·10-9 rad/s/Hz1/2 and 2.46·10-9 rad/s/Hz1/2, 
respectively for AFORS-1 and AFORS-2. The above mentioned difference between two 
constructed devices is connected to their total optical loss which is equal to 13.33 dB and 
14.47, respectively for AFORS-1 and AFORS-2 (Jaroszewicz et al., 2011b).  

The optimisation for a detection of rotation rate is made on the basis of special detection 
units and utilizes a synchronous detection with properly chosen PM that operates according 
to the principles  presented in part 2 (Krajewski, 2005).  For AFORS, a new Autonomous 
Signal Processing Unit  - ASPU (ELPROMA Ltd), according to the scheme shown in the 
lower part of Fig. 1a, has been developped. The ASPU enables the detection of a rotation 
rate  from proper selection (special low-pass filters) and processing (in digital form) the 
first A1 and the second A2 amplitude of the harmonic output signal, on the basis of the 
following relation (Jaroszewicz et al., 2011a): 

 arctan ( )o eS S u t     ;   S0=(�c��L�D),   u(t)=A1 /A2 (3) 
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where: So – optical and Se – electronic constants, related to the parameters of used optical 
and electronic components. The digital form of a signal processing enables the application of 
the 32-bit signal processor TMS320F283535 (Texas Instruments) working with a frequency of 
150 MHz as an optimal DSP unit, for a calculation and monitoring of the rotation rate on 
the basis of signal frames having 1024 length of 16-bit samples. Finally, the obtained results 
are stored on a CD card and transmitted by a GSM/GPS module to a special WEB FORS - 
Telemetric Server. 
The evaluation of the optical and electronic constans needs a sensor calibration process, 
which is based on the measurement of the Earth rotation for Warsaw, Poland i.e. E = 9.18 
deg/h ≡ 4.4510-5 rad/s (Krajewski et al., 2005; Jaroszewicz et al., 2011a). During the 
calibration the AFORS is mounted vertically on a rotation table. For the sensor loop directed 
in the East-West direction, the measured rotation equals zero because in this direction, its 
plane is collinear with the Earth rotation axis, whereas for the North-South direction, the 
measured signal obtains the maximum plus or minus values because the plane of a sensor 
loop is perpendicular to the vector component of the Earth rotation E. For two existing 
systems we obtained the following values for the above constants: S0= 0.0043 s-1, Se=0.0144 
for AFORS-1 and S0=0.059 s-1, Se=0.0134 for AFORS-2. 
After the practical construction of the AFORS devices, their accuracy has been checked. 
However, this work made in MUT located in Warsaw city, could give limited information 
on the system accuracy because of urban noises. Figure 4 summarizes these measurements. 
Since the ASPU allows for step changes of the detection frequency band in the range from 
0.83 Hz to 106.15 Hz (Jaroszewicz et al., 2011b), the obtained accuracy is at the level of 
5.0710-9/4.8110-9 rad/s - 5,5110-8/6.1110-8 rad/s (for AFORS-1/AFORS-2), respectively for 
the lower and higher working frequency band. As one can see, the obtained values are well 
correlated with Ωmin in quantum noise limitation. It should be noticed that the linear 
dependence of AFORS sensitivity and accuracy in the detection frequency range is the 
advantage of this system, taking into account the expected frequency characteristics of the 
rotational seismic waves (Teisseyre et al., 2006). For comparison, Fig. 4 includes also the 
measured accuracy of the older system FORS-II; which was 4.310-8 rad/s (Jaroszewicz et al., 
2006; Jaroszewicz & Krajewski, 2008), at 20 Hz - the  fixed detection frequency band.   
 

 
Fig. 4. The accuracy measured in Warsaw, Poland for the chosen detection band for three 
devices: AFORS-1, AFORS-2 and FORS-II 
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A FORS-Telemetric Server with its main page shown in Fig. 5a (reader can use 
http://fors.m2s.pl with login and password - AFORSbook for free access to the system) is 
used for data storing and for monitoring the work of the FORS-II and the AFORSs. Because 
ASPU of the AFORS contains a GSM/GPS module and an independent power supply for all 
electronic components of the system, hence the AFORS is fully autonomous and mobile 
system. In this moment, the 3 devices are managed via server: FORS-II, AFORS-1, AFORS-2 
located in Ojców, Książ and Warsaw (all in Poland), respectively (Jaroszewicz et al., 2011b) 
as it is shown in Fig. 5b. 
 

 
(a) 

 
(b) 

Fig. 5. Elements of WEB page for AFORS managing: (a) the main page of FORS - Telemetric 
Server, (b) the GOOGLE map with devices localization 
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The applied technology gives possibility for the remote (via Internet) controlling and 
changing of all electronic parameters of the ASPU for a given sensor made according to the 
AFORS technology, as presents, for example, the bookmark Config for the AFORS-1 in Fig. 
6a. This remote control may comprise a software upgrade. Moreover, the bookmark 
Data&Variables (Fig. 6b) monitors, for given AFORS, in real time the main data and variables 
with possibility for the remote changing of the threshold – the level of signals which 
initialize automatic data storing and its GSM transfer. Additionally, the top right corner of 
bookmarks for the given system on server contains the information on a  current date and 
time and the four main AFORS’s parts of state of work (good – as  green, partially good as  
 

 
(a) 

 
(b) 

Fig. 6. The view of two main bookmarks for AFORS-1at the FORS - Telemetric Server: (a) 
Config,  and  (b) Data&Variables   
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yellow or no work – as black, respectively). The bookmark GSM/GPS (not shown in figure, 
see for example Jaroszewicz et al., 2011a) monitors in real time the GSM parameters as well 
as the GPS parameters which include the AFORSes' global localization (see Fig. 5b). Yet 
another bookmark named Measurement presents the collection of data recorded by different 
devices connected to the server. These data are stored with the main parameters of AFORS 
in the recording time: ADEV – rotation rate average deviation in rad/s, Omega Offset – 
rotation rate offset in rad/s, GS Level/Before/After - adjusted level of signal for data stored, 
and B - adjusted detection band. In this way, in our opinion, the AFORSes with their 
management via FORS - Telemetric Server are fully adopted for monitoring of rotational 
phenomena connected to earthquakes as well as torsional response and interstory drift of 
the irregular structures in-plane existing during any ground moves.   

4. Examples of the experimental data obtained by AFORS 

The previously obtained data from an older system FORS-II have been wide discussed as 
well as summarized (Jaroszewicz et al., 2006, 2008). For the above reason here we present 
the summarized data obtained with regard to the AFORS application where AFORS-1 is 
installed in the Książ (Poland) seismological laboratory for the recording of the rotational 
phenomena connected to earthquakes, whereas AFORS-2 has been used in the initial 
experiments for monitoring building rotational moving.    
The main source of disturbance during an investigation by AFORS-2 of a building rotation 
moving was an urban ground motion generated by tram moves within a 50 m distance from 
a building wall parallel to it. The investigated building is a light construction (five floors of  
aluminium structure with sandwich walls and ceilings), and the AFORS-2 has been 
installed, subsequently on the second and first floors in the hall, in the same vertical position 
(with accuracy of about 10 cm). Since it is an old building with asbestos used as an inner 
wall isolation, now it is not in use by the academy anymore, so we expected that the 
recorder signals will be connected to an external perturbation. Figure 7 presents the building 
moves recorded on the first and the second floors (difference about 3 m of height) for 
relatively the same ground  motion generated by tram moves nearly by midnight on July 
13th (AFORS-2 on the first floor) and July 14th (AFORS-2 on the second floor). Since it was a 
middle of the night during summer holidays, the academy area was empty which had a 
direct influence on recorded signals and they were very clear. As one can see in the above 
experiment the accuracy for the AFORS-2 was 3.1510-6 rad/s and 7.9110-6 rad/s (see ADEV 
parameter in the left down corner of two pictures in Fig. 7), for the chosen detection band 
equal to 21.23 Hz. The amplitude of the detected rotation rate was about twice  higher for 
the second floor, and was much higher than the system accuracy (more than ten orders).  
The urban noise influence on the recorded signals can be observed on the data presented in 
Fig. 8, which have been obtained in the morning when the Academy opened for work.  As 
one can see the higher amplitude as well as frequency were observed in this time. However, 
again the much higher amplitude of torsional moves of the building is observed on the 
higher floor of building. 
The above initial results show that the device type AFORS can be useful for a continuous 
monitoring of an engineering structure of, for example, multi-storey buildings with regard 
to the investigation of their torsional rotations as well as measuring interstory drifts. These 
measurements are made without any reference frame which is very important during 
earthquakes and may be made only by a system based on the Sagnac effect. In comparison  
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to the commercially available FOG instruments such as FORS-1, the proposed system is 
designed for a direct measurement of a  rotational rate, whereas any FOG measures change  
the angle which is written in their inner electronic system and difficult to direct changes. 
Additionally,  our system prepared according to the AFORS technology has developed the 
software designed for the Internet system monitoring as well as the remote control which 
can manage a large numbers of such devices in a useful way for the operator. 
 

 
Fig. 7. The data recorded on second (left) and first (right) floor as response for ground 
moves after tram pass through street 

 

 
Fig. 8. The data recorded on the second (left) and the first (right) floor as a response for the 
ground moves generated by the street morning intensity  within a distance of about 50 m 
from and parallel to the long building wall 

At beginning of July, 2010 the AFORS-1 has been installed in the Książ (Poland) 
seismological observatory together with a set of the Two Antiparallel Pendulum 
Seismometers (TAPS-1 and TAPS-2) constructed by the Institute of Geophysics (Teisseyre et 
al., 2003). As usually, TAPSes are placed perpendicularly, in directions N-S and E-W.  
As the first example we repeat here (Fig. 9) the histogram of the previously analyzed data 
(Jaroszewicz et al., 2011b) collected in Książ on March 11th, 2011 at 6 h 58 min. (after 
Honshu earthquake, M=9.0 on 11 March 2011 at 5 h 46 min. 23 s, recorded in Książ on 11 
March 2011 at 5 h 58 min. 35 s.). The above data were obtained from the common for AFORS  
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Fig. 9. The plots of the seismic events recorded in Książ on March 11th, 2011, starting from 6 
h 58 min, after the Honshu M=9.0 earthquake, all times UTC (Jaroszewicz et al., 2011b)  

and TAPSes standard seismic recording system named KSPROT with the samples of a 
signal with the frequency 12.8 kHz and after re-sampling stores with the frequency 100 Hz. 
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It should be noticed that in the previously paper (Jaroszewicz et al., 2006), we used a wrong 
name for this station, KST. We underline that here only the AFORS-1 shows the rotational 
component in a direct way (plots marked as AFORS-1). The rotational component is 
obtained also from the TAPS system, calculated from the recordings of linear motions in 
four channels (data named TAPS-1 channel 1, TAPS-1 channel 2, TAPS-2 channel 1 and 
TAPS-2 Channel 2) with the application of a suitable mathematical procedure, which has 
been widely described in the previous paper (Solarz et al., 2004). Since AFORS records 
rotation in a direct way, we use this recording as the reference source, despite that the 
rotations calculated from TAPSes are generally poorly correlated with it. In the results 
presented in Fig. 9, a good correlation has been found mainly in short bursts of seismic 
oscillations, marked here as “events 3”, “events 1” and “events 2”. These were clusters of 
short peaks, found when the traces of the great Honshu Earthquake were studied (without 
much success in the domain of rotational field component, but this is not strange concerning 
the distance to the earthquake focus and the characteristics of our instruments). After the 
preliminary analysis, from each group only one event was chosen, and these we call event 3, 
event 1 and event 2 accordingly. 
For event 1, the data from AFORS-1 were identified by the FORS-Telemetric Server (see Fig. 
10a) as the rotational event of an amplitude of about 15·10-6 rad/s with AFORS-1 accuracy 
equal to 4·10-8 rad/s for the given frequency bandpass which was about 10.6 Hz. The 
rotation calculated from the linear motions recorded in TAPS system has similar 
characteristic, as is seen in Fig. 10b (with arbitrary units of amplitude). Nevertheless, we 
observed some time advance in a relation to the AFORS-1 registration as well as apparent 
disturbances, visible before and after the event; these may result from a limited accuracy of 
TAPSes as was previously mentioned (Jaroszewicz & Krajewski, 2008).  
 

 
Fig. 10. The rotational event 1 from Fig. 5 on 11 March 2011 – a): recorded from AFORS-1 in 
the FORS -Telemetric Server at 8 h 46 min; – b): calculated from TAPSes four channels 
(Jaroszewicz et al., 2011b)  

For further study, the recordings of several mining shocks have been chosen; these shocks 
occurred in the Legnica-Głogów Copper Mining District - LGOM  in Western Poland.  Some 
typical results of the analysis of strong shocks are presented here; for the event which 
occurred in April 30th at 03:32 UTC - the magnitude 2.9 had been found, for the event from 
June 28th, 23:16 UTC – magnitude 3.2. For viewing the data, for the normalization of the 
sampling to the first channel and for writing selected time-periods as ASCII, we used the 
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programs written by dr Jan Wiszniowski of the Institute of Geophysics, P.A.Sci. Subsequent 
analysis was done in Matlab®.  
The rotational motions in the trace of a seismic event, recorded from AFORS-1 and 
indirectly obtained from TAPSes, differ substantially, as it is seen in Fig. 11. The signal 
obtained from AFORS-1, here – the middle plot, has much more peaks and indentations 
than both the channel 1 and channel 4, which are two of the four channels of the TAPSes 
system. The signals from TAPSes are shown in m/s, while the rotational signal from 
AFORS-1 is in conventional units. In the following Figures, the rotations found from TAPSes 
system are plotted in rad/s.  
 

 
Fig. 11. The example of the seismic event traces, prepared for analysis. Upper channel – 
channel 1, first of two from the first electromechanical rotational seismometer TAPS.  
Middle channel – rotational seismogram from AFORS-1, sampling-normalized to the 
channel 1. Lower channel – first from the second TAPS, sampling-normalized to the channel 1. 
The mining seismic event in LGOM (western Poland) on 2011.04.30, at 03:32 UTC 
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For the analysis, we divided each signal into several frequency bands, then searched for 
similar – and dissimilar! – rotational motions. As it is seen in the Fig. 12, even this method 
did not reveal great similarity between the rotations obtained from AFORS-1 and from 
TAPSes. Here, the time-period when the P waves have arrived is shown. For all the 
transformations, we applied the same procedures, including the digital filters which we 
constructed in Matlab®.  
 

 
Fig. 12. Rotation motions in the recording of a mining seismic event, during P waves 
arrivals, as seen in three frequency bands: 12.5-18 Hz, 10-12.5 Hz and 7.5-10 Hz. In each of 
the paired diagrams, the upper one shows the rotation calculated from the system of 
TAPSes, the lower one – the rotation sensed by the AFORS-1 
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Further, we tried to compare both rotational signals after averaging each of them for 
consecutive time-periods of 0.5 s, that is – 50 samples. The results, for six chosen frequency 
bands, are shown in Figs. 13 – 16. The averages of the absolute values of rotations are plotted 
as thick line. Additionally, two other averages are added. The thin continuous is for 
acceleration (in fact – the difference between neighbouring samples) – again, the absolute 
values are averaged for consecutive stages. Finally, thin dashed line shows the average of the 
squared rotational signal. These additional plots were normalized to the rotational signals, so 
their maxima coincide. The Figs. 13 and 14 are obtained from the analysis of the shock from 
April 30th; the Figs. 15 and 16 – from the analysis of the stronger shock, that of June 28th. 
 

 
Fig. 13. The rotations, their squares and time-differentials equivalent to rotational 
acceleration, averaged in consecutive stages, 50 or 0.5 second long. Before averaging, the 
rotations and their differentials were transformed into the absolute values. The seismic 
event in LGOM, 2011.04.30, at 03:32 UTC. The upper frequency bands: 12.5-18 Hz, 10-12.5 
Hz and 7.5-10 Hz. In each of the paired diagrams, the upper one shows signals obtained 
from the system of TAPSes, the lower one – from the AFORS-1 
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Searching for a similarity between peaks, indentations and their sequences, placed in the 
same points in the both plots of rotations’ average values, is the searching for hidden 
similarities between the rotations obtained from electromechanical seismometers system 
and these obtained from AFORS-1. As it is seen in the Figs. 13 – 16, only partial similarity 
may be found, in the specific frequency bands only. In the two cases presented here, these 
were the frequency bands 3 - 4.8 Hz and 10 - 12.5 Hz, and to lesser extent – 12.5 - 18 Hz.  
 

 
Fig. 14. Analysis as in Fig. 13; the same seismic event. The lower frequency bands: 4.8-7.5 
Hz, 3-4.8 Hz and 1.7-3 Hz 

It is often hard to find the beginning of the seismic event’s trace in the diagram of 
rotational motions; dividing the signals into frequency bands usually helps in the case of 
recordings from electromechanical seismometers (TAPSes), but for recordings from 
AFORS-1 the improvement is smaller. For the frequencies in the band 12.5 - 18 Hz, and 
higher, the rotational trace of a mining seismic event is often obscured by the noise. This 
is more clearly seen in the readings from AFORS-1 because of a high sensitivity of this 
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equipment to high frequency rotations. The mentioned noise might be of an instrumental 
or external origin, the latter is more probable. Nevertheless, the rotational traces of the 
seismic events in LGOM area also bear high frequency rotations, in various portions. 
These high frequency rotations may originate in the focus, or in the vicinity of the 
seismic station, as a response to the arriving seismic waves. We relate the latter 
explanation also to the short bursts of high frequency rotational motions, which quite 
often accompany the recording of an earthquake or other seismic event (Jaroszewicz et 
al., 2011b).   
 

 
Fig. 15. Analysis as in Fig. 13. The seismic event in LGOM, 2011.06.28, at 23:16 UTC. The 
upper frequency bands: 12.5-18 Hz, 10-12.5 Hz and 7.5-10 Hz 

When a recording from AFORS-1 is analyzed in low frequencies, below 1.7 Hz, a trace of a 
seismic event is almost not visible, and it is barely discernible also in the frequency band 1.7 
– 3 Hz. That’s unfortunate, as a substantial part of rotational oscillations comes in low 
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frequencies. The share of low frequency rotations varies between local events, as was found 
for several shocks recorded in Ojców, Poland (K. P. Teisseyre, 2006) and in l’Aquila, central 
Italy (K. P. Teisseyre, 2007).  In each of these studies, the rotational motions were derived 
from the set of two TAPSes, in other words – from two pairs of electromechanical horizontal 
seismometers. 
 

 
Fig. 16. Analysis as in Fig. 13. The seismic event in LGOM, 2011.06.28, at 23:16 UTC. The 
lower frequency bands: 4.8-7.5 Hz, 3-4.8 Hz and 1.7-3 Hz 

The agreement between the plots of the stage-averaged rotation and the stage-averaged 
squared rotation is not surprising; it shows that in the seismic energy received at the station, 
higher amplitudes motions are more important than the smaller ones. On the other hand, in 
several time-periods (stages), a disagreement between rotational acceleration and the 
appropriate rotational signal is often found. When the acceleration plot is below that of the 
adequate rotational velocity plot - see Fig. 14 - this may be explained by a shift from 
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symmetry of average signal amplitudes in a relation to the zero level. But when we take into 
account that the acceleration has been amplitude-normalized to the rotation, it is clear that 
we cannot estimate the size of this shift. Such shifts may be present always, or they may be 
absent only in some cases and frequency bands, for example - this depicted in Fig. 15, two 
lowermost panels; here – the acceleration coincide with the rotation or is plotted higher 
except for the summit.  
Some methods of cleaning the signals from possible contaminations are under development, 
and we are going to record rotational motions with the use of two Sagnac-type 
interferometers placed at some distance. Nevertheless, the studies outlined here show that 
the field experiments with AFORS-1 bring an important information concerning the seismic 
field of mining seismic events.   

5. Conclusion 

The direct measurement of the absolute rotational components with linear changes of 
the accuracy form 5.1·10-9 to 5.5·10-8 rad/s, for the detection frequencies range from 0.83 
to 106.15 Hz is the main advantage of the presented system AFORS. As shown in the 
first field test, the system type AFORS appears as the promising device to study both 
the seismic field generated by earthquakes at least at local distance range, and the 
reaction of buildings and other constructions to strong motions. In the first domain 
however, the whole detecting/registering system needs further studies – especially, the 
recordings analysed both in the low frequencies, below 3 Hz and in the relatively high 
frequencies, from 18 Hz upwards seem to contain too much noise.  But most probably, 
at least part of this noise comes to the equipment from outside. Therefore, also the 
conditions at the Książ observatory should be checked again, despite that for other 
scientific equipment, as the regular seismic station KSPROT, these corridors (excavated 
by the slaves under German supervision during the second world war) provide the 
satisfactory environment.  
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